Passive dynamic walking requiring little exertion is one way of realizing efficient bipedal locomotion. In this case, forces should be converted only to shape ideas for the bottom leg, which naturally alternates the vibration of the roll and yaw axes. To achieve our objectives, in this study we focus on a spinning top, and the change in the direction of movement about the rotation axis was defined as irregular motion. It was shown that this method of realizing motion axis conversion occurred during rotation. An initial angular velocity is generated on the center axis of the solid body's curved surface, and changed the motion into a backspin. First, it was confirmed that we can accurately describe a half ellipsoid as a twisted solid curved surface on its center axis. Next we changed the contact point. By adjusting the angular momentum, we also showed the method of momentum vector conversion through friction. We extracted the constraint condition, and a translational direction element of the angular momentum vector was synthesized. Finally, we showed a method for converting the irregular motion into translational motion, so that the irregular motion can realize a twist angle and an ellipsoid shape.
Introduction
Efficient bipedal locomotion can be achieved by creating rigid curved surfaces on the bottom of the feet, and then adding small external forces to create passive dynamic walking. Common methods used to provide the external force required for leg swinging include devising a rigid curved surface that utilizes the potential energy gained from a hill and the oscillation of the body (1) - (3) , using a self-excited vibratory actuator to create oscillation of the body (4) ; thus, providing a direct driving torque on the lumbar area with a Spinal Engine (5) , and attaching a separate mechanism to evoke these processes.
However, when used to assist the passive dynamic walking of humanoids or humans, it is more desirable to create forward motion using only the shape of the bottom of the feet during bipedal locomotion. This will naturally create an oscillation in the rolling or yaw axis direction of the body． Meanwhile, the intentionally designed rigid curved surface of the Rattleback allows continuous counter-clockwise rotation, as shown in Fig. 1 . While this occurs, it also produces a large amount of vibration about the short-axis of the ellipse on its top side when spun in a clockwise direction. After several spins in the clockwise direction, the top reverses its direction of rotation. Once the initial rotation has started, this irregular motion is produced even without the addition of an external force.
In this study, we aim to achieve passive dynamic walking that produces translational motion using a vibratory input in the roll axis direction. To do so, we focus on the rigid We derived a rigid curved surface that produced the irregular motion, and the rigid body's method of motion transformation was produced by its shape. Finally, we produced a passive dynamic walking mechanism bearing a rigid curved surface based on the derived method of motion transformation. By using this, we demonstrate the potential to realize passive dynamic walking using only the vibratory input of the roll axis without using the inclined plane or adding momentum in the translational direction.
Analyzing the Rattleback
Several studies are being conducted on the generation of the Rattleback's motions. G. T. Walker (6) derived an explanation for the gap between the principle axis of inertia and the axis of symmetry using the top's analysis formula. As pictured in Fig. 2 , J. Walker (7) empirically demonstrates the inverse rotation of the rigid curved surface by displacing the principle axis of the semi-ellipsoid and inertia of the weight. Bondi (8) analyzed the Rattleback's oscillation and discussed the instability of inverse rotation. Kane (9) reproduced inverse rotational motion by including a virtual spring element in the equation of motion for a semi-ellipsoidal rotation. In order to carry out the conversion of motion from oscillation to rotation; Goto et al. (10) displaced the principle axis of inertia and the underside axis of symmetry with an oscillatable-rotor representing the weights and legs. The aforementioned works used a semi-ellipsoid to provide various analyses regarding the cause of inverse rotation, but the actual curvature of the Rattleback (Fig. 3 ) differs from that of an ellipsoid. In addition, because the top is constructed from uniform materials, it is predicted that reverse rotation can be produced only by the rigid curved surface.
Rigid Curved Surface Constraint Conditions
To investigate the influence of the curved shape on the angular momentum vector, we measured the curved shape of the Rattleback. Because precise measurements of the rigid curved surface have not yet been reported, we carried out 3-D shape measurements by utilizing the MODELA MDX-20 (Roland DG Corporation, UK), to measure in the horizontal (x-y axis) and vertical (y-z axis) planes together at 0.05 mm intervals. The resulting contour lines of the body's curved surface are shown in Figs. 4 and 5. Fig. 5 shows the overlaid elliptical plate when attaching an angle about the z-axis of the member coordinate system. The angle about the long axis of each elliptical plate (below, the torsion angle) is represented by dΘ. dΘ changes roughly in proportion to the height of the z-axis. The angle Θ between the long axis of the underside ellipse and the long axis is 5°. Therefore, we modeled a shape based on the presumption that the twist of the ellipsoid and the composed rigid curved surface were associated with the reverse rotation of the Rattleback. 
Rigid Curved Surface Analysis Model

Model Construction
First, we expressed the contact points of an ellipsoid with a torsion angle dΘ of 0°, and then we constructed a rigid curved surface model by adding a torsion angle. The instantaneous center of rotation by the semi-ellipsoid about the x-axis was defined as the center of circle R J , and was composed of 3 points: the instant at which the ellipsoid makes contact with the floor, 1 point before this instant, and 1 point after this instant. The height of the temporary contact points determined by the semi-ellipsoid produces an elliptical plate for the contact layer. For this elliptical plate, we used a linear function approach on the z-axis member coordinate system to calculate the torsion angle dΘ (z), and through coordinate transformation, we determined the contact points of the rigid curved surface (Fig. 7) .
Motion Equations
The motion equation for the rotation around the center of gravity is shown in equation (1) .
I represents the 3 × 3 inertia matrix, and N represents the torque (3 × 1)．ω is the angular velocity vector as shown in equation (2)
a：length of long axis b：length of short axis c：height ( 2 ) In Fig. 8 , we expressed Euler's angles by rotating φ about the absolute coordinates of the Z-axis, rotating θ about the newly defined coordinate system of the y'-axis, and rotating ϕ about the new coordinate system of the z'-axis. The calculated torque, including the translational motion of the center of gravity, is expressed in equation (3). In addition, this model was considered only friction as the source of energy dissipation.
G is the gravity vector, and A S M is the 3-D coordinate transformation matrix from the 3 × 3 absolute coordinate system Σ A to member coordinate system Σ S . We use the "～" symbol here to represent items defined by the member coordinate system. Equation (4) presents the principal moment of inertia of the semi-ellipsoid based on the member coordinates. Where M represents mass, c represents the height of the rigid curved surface and e represents the offset distance using the generally known position for an ellipsoid's center of gravity as equation (5) . Because the moment of inertia depends on the vector from the point of contact, equation (6) shows the principle moment of inertia during contact. We transformed the coordinates of the momentary inertia matrix by using the position of the inertia matrix, determined by the member coordinates, relative to the absolute coordinates. One can write the constraint conditions for numerous coordinates using equations (5), (7) We set the instantaneous center of rotation of the rigid curved surface at the time of rotation, and represented the radius with r. Coordinates for the instantaneous center of rotation are shown as R J in equation (9) .
R is determined by transforming the coordinates of p R . Given the absolute coordinates from the conditions at the point of contact, the axial height of the Z-axis is invariably 0, and the elliptical disk in the contact is determined by the angle of precessionθ. When performing coordinate transformations for the member coordinate system about the z-axis, the coordinates for the point of contact result in equation (10). ) (
Here, 
Rigid Curved Surface Production and Experimentation
Measurement
We simulated the motion of the rigid curved surface model and verified its consistency by way of experimentation. We set the angular velocity of the initial rotation about the z-axisϕ at 98 rad/sec, and the initial angle of precession θ at 2°. During the experiments, we used a high speed camera (125 Hz) and filmed from above to extract the trajectory of the endpoints of the top side's long axis, and we were able to determine the rotation angle of the horizontal plane. The results are shown in Fig. 9 . The vertical axis is the sum total of the rotation angles ϕ about the rotating axis.
Simulation parameters are listed in Table I . Because both waveforms have peaks, we were able to replicate reverse rotation with the rigid curved surface model using a torsion angle. However, errors were observed in various places including in the gaps between the locations of the peaks in the simulation and measurement results, in the behavior leading up to a steady rotation speed, and in the number of rotations. In the experiment, the primary reason for such errors is the imprecision input for the initial angular velocity and initial angle of precession. Moreover, another reasons as follow. As the shape of the curved surface was embedded in the model as a geometric constraint, the cumulative error occurred from coordinate transformation. The analytical model considers only friction as the source of energy dissipation. Therefore, in Fig.9 the simulation curve was reflected the pitch motion as small variations. 
Torsion Angle Adjustment
In order to observe the impact of the rigid curved surface's torsion angle on the Rattleback's movement with respect to the height of the z-axis, we produced two rigid curved surfaces and compared their movements. One was expressed a contour of the cross-section of the y-z planes by a linear function (linear function model), and the other expressed by a sine function (sine function model). The cross-sections of the y-z planes of these models are shown in Fig.10 (11) with a general rigid curved surface that is Original Rattle back's cross-sections. Using the same initial conditions as the previously mentioned experiments, we measured the resulting movement when inputting an angular velocity about the central axis. Fig.11 (11) shows the sum of the rotation angles ϕ about the z-axis member coordinates. The results of these measurements confirmed the occurrence of reverse rotation for all of the rigid curved surfaces. The analytically important reverse rotation of the Rattleback was relatively certain for the model of linear function. In comparison, the model of sine function took longer to achieve, and the rotations were few in number. From the results, it was found that the rigid curved surface, which held the shape parameter of a semi-ellipsoid's torsion angle, is capable of adjusting the start time and number of reverse rotations.
Reverse Rotation Torque Adjustment
We carried out dynamics calculations in order to observe the adjusting effects of the angular momentum vector related to the aspect ratio of the elliptical plate.
In order to maintain a resting state, we imposed a constraint on the height of semi-ellipsoid, and adjusted the aspect ratio of the elliptical plate by the height of the long axis. The force F and f (Fig. 7) were produced during reverse rotation in the contact point. F was the force of the previously analyzed model (long axis is 97.5 mm). f were the force of the length of the long axis are transformed. We obtained f / F as Fig. 12 .
From the results, we learned that a long axis of 78.1 mm produced 1.1 times the amount of force. Hence, in the Fig. 13 we produced a rigid curved surface with shorter length long axis (78.4mm), carried out experiments using the previously mentioned initial conditions, and conducted rotation angle measurements. The results shown in Fig. 14 found that reverse rotation torque can be adjusted as a parameter of the elliptical plate's aspect ratio.
Passive Dynamic Walking Mechanism
Motion Axis Transformation
Until now, we looked at the direction of the y-axis of the rigid curved surfaces, which were analyzed by taking the x-z cross-section given by the line segments A-B and C-D shown in Fig. 15 . From the resultant vector of friction force vector and gravity vector, unidirectional rotation about the z-axis was made apparent. More specifically, when the rigid curved surface provides vibration about the x-axis, the resultant vector produces vibration about the y-axis. It is thought that the z-axis is then transformed to unidirectional rotation. Therefore, for the leg swinging motion of the walking mechanism, we used the geometric constraint, whereby vibration about the x-axis is transformed into rotation about the z-axis, and attempted the transformation of motion axes by rotational excitation.
Design of Mechanism
We were able to uniquely determine the direction of rotation of the rigid curved surface by the positive and negative readings of the torsion angle dΘ . Therefore, it is possible to product the translational motion from vibrations by combining rigid curved surfaces and synthesizing angular momentum. In addition we obtain design guideline as follows.
The rigid curved surface peformed largest back spin power (Highest efficiency) at the height about 78 mm. The cross-section of Rattleback can be approximated by liner function. Using this principle we develop the walking mechanism that combined positive and negative model. When designing the passive dynamic walking mechanism, it is necessary to equalize the natural frequencies of the z-axis and x-axis (12) , (13) shown in Fig. 16 . Therefore, we manufactured the upper body of the legs so that the natural frequency about the x-axis would be equalized with the natural frequency of the rotation (2.1 Hz) produced by the rigid curved surface of the legs. This was configured so that the rigid curved surface of each leg would rotate the trunk outward about the z-axis．
Experimentation
Two types of experiments were carried out, one on a plane where the tilt about the x-axis is 21.6° as an initial condition, and the other in which signals (Fig. 18) were fed to the ultrasonic motor (Shinsei Kogyosha USR30-B3) of the exciter, as shown in Fig.  17 , and which consecutively provides a 2.06 Hz oscillation of 16° about the x-axis. Reference points were established for the movements of the various parts by using a VICON optical motion capture system. In addition, the floor reaction force at the contact points of both legs ware measured as digital data of the same time stamp shared the VICON by using the reaction force measuring device (Kyowa Electronic Instruments EEP-S-1.5NSA2). In this experiment, for accurate vibration input, the vibration source is disposed outside the walking mechanism. We will experiment with visceral vibration source. For example, the method to add a weight to move from side to side on the y-axis or the method to add an inverted pendulum to rotating around the x-axis. Fig. 19 shows the appearance of the gait observed in the experiments (11) . For each experiment, the distance of translational movement in the x-axis direction can be seen in 
Initial Tilt Angle Input
In the experiment, by utilizing the input of an initial tilt angle, we were able to observe five sets of translational movement. The performance of 63 mm of translational movement over the 2 sec period shown in Fig. 20 reduces the translational motion distance. When examining the floor reaction force shown in Fig. 21 , it is observed that the cause of the unsustainable motion is the loss of energy because of collisions with the floor, resulting in the attenuation of rotations about the x-axis. However, oscillatory motion and reaction force are supported as anti-phase of Fig .21 . In addition, it is considered to keep moving of waking mechanism by small vibratory input of the roll axis because the moving distance keeps increase after 1.5s in Fig. 20 . From this result, it is expected that this mechanism can keep walking even if there are various in the input and transforms the inputted kinetic energy to the translational motion effectively. Fig. 22 shows a continuous and uniform velocity of 46 mm/s. Moreover, in contrast with the energy dissipation found when inputting an initial tilt angle, we were able to gain non-attenuating translational movement, as shown in Fig. 23 . For this reason, we synthesized the translational component of the angular momentum vector as the system's total momentum vector. If provided constantly with vibration energy, we demonstrated that it is possible to produce continuous translational motion.
Consecutive Input
Conclusion
By focusing on adjustments to the angular velocity vector caused by friction of the curved surface and the spinning top's precession, this study focused on the method of motion transformation that produces irregular rotation when the central axis of the rigid curved surface has an initial angular velocity. Tests were carried out using dynamics calculations and experiments involving actual equipment. It was found that passive dynamic walking could be produced using translational movement with only vibratory input from the
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1)
Reverse rotation is created by adjusting the torsion angle of the semi-ellipsoid that control the angular momentum vector of the contact point.
2)
The number of reverse rotations of the top is adjusted by composing a rigid curved surface with the torsion angle and elliptical plate aspect ratio as shape parameters.
3)
The production of a translational direction for the angular momentum vector is synthesized by using the geometric constraints of the rigid curved surface and the system's total momentum vector is translated to translational driven walking.
